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We theoretically investigate the effects of strain-induced pseudomagnetic fields on the transmis-
sion probability and the ballistic conductance for Dirac fermion transport in suspended graphene.
We show that resonant tunneling through double magnetic barriers can be tuned by strain in the
suspended region. The valley-resolved transmission peaks are apparently distinguishable owing to
the sharpness of the resonant tunneling. With the specific strain, the resonant tunneling is com-
pletely suppressed for Dirac fermions occupying the one valley, but the resonant tunneling exists for
the other valley. The valley-filtering effect is expected to be measurable by strain engineering. The
proposed system can be used to fabricate a graphene valley filter with the large valley polarization
almost 100%.
I. INTRODUCTION
Graphene, a two-dimensional honeycomb crystal con-
sisting of only carbon atoms, has received a lot of atten-
tion from researchers during the last several years. The
electronic structure of graphene can be described by lin-
ear energy dispersions at six corners of the Brillouin zone,
which are called Dirac points.1 Charge carriers (electrons
and holes) near the Dirac points are characterized by
two degenerate valleys in addition to the spin degree of
freedom, leading to the four-fold degeneracy. The exis-
tence of the valley degeneracy makes graphene a poten-
tial candidate as a new class of nanoelectronic devices,
“valleytronics”.
There have been considerable efforts in the design
and realization of manipulation of the valley index of
graphene through diverse theoretical schemes.2–10 One
might use the fact that valley polarization is produced
by nonequilibrium population of different valleys in a
nanoconstriction with zigzag edges.2,3 A graphene val-
ley filter was suggested by using line defects.4,5 It is dif-
ficult to realize these valley filters because the atomic-
scaled precision of the edges and defects is required to
control the valley transport for practical studies. On
the other hand, some works have focussed on the ef-
fects of substrate-induced strain in graphene in order to
construct a feasible valley filter.6–10 The pseudomagnetic
field indeed plays a role of creating valley-dependent tun-
neling with high valley polarization. Despite of the high
valley polarization, one practical issue has remained for
the strain-induced valley filter: the strain induced by
substrate is not controllable. Thus, it is natural to ask
whether the tunable valley-dependent transport is possi-
ble.
Research on suspended graphene was originally mo-
tivated by the fact that the advantage of using sus-
pended graphene lies in its ability to avoid the substrate-
induced effects which deteriorate the electrical proper-
ties of graphene.11–16 It has been demonstrated that
suspended graphene sheets show extremely high mobil-
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FIG. 1. (a) Schematics of the model considered in this study.
A graphene sheet is suspended between two clamps, and strain
in the suspended region is induced by an electrostatic pres-
sure via a back gate. Two FM top gates deposited on unsus-
pended regions of the graphene sheet produce a double mag-
netic barrier structure. The suspended graphene is placed as
its zigzag direction is along the x-axis of the reference frame
in this study. (b) Profiles two kinds of magnetic fields and
vector potentials (Bs,z and Bex,z; As,y and Aex,y) for Dirac
fermions in different valleys.
ity due to reduced interactions between graphene sheets
and substrates.17,18 The other significance of suspended
graphene is a potential ability to study the effects of
strain on Dirac fermion transport in graphene. Since
graphene has an advantage of being able to stand elas-
tic deformation up to 20%,19,20 the physics of interplay
between strain and electronic properties of graphene be-
comes a very promising field in recent condensed mat-
ter research. For suspended graphene, the magnitude of
strain in a suspended region can be tuned by controlling
the back gate voltage owing to the Coulomb interaction
between a two-dimensional Dirac fermion gas and a back
gate.21 The tunable strain of suspended graphene may
offer the opportunity to study how one can control the
transport of Dirac fermions by mechanical strain.
In this paper, we present a strategy to realize a tun-
able valley transport by controlling strain for suspended
graphene. We investigate the valley dependence of the
2transmission probability and ballistic conductance be-
cause of the existence of pseudomagnetic fields, with the
minimized deterioration of transport properties such as
carrier mobility or mean free path. We find that sus-
pended graphene with a double magnetic barrier (DMB)
structure can be a efficient valley filter, and the consid-
erable valley polarization can be achieved by applying
strain to the suspended region. The DMB structure is
produced by two ferromagnetic (FM) top gates placed at
both sides of the suspended region over a trench, as illus-
trated in Fig. 1. The system comprises of two distinct
components, i.e., pseudo- and external magnetic fields
induced by the strain and the FM gates, respectively.
We further show that the valley-filtering effect is also ob-
served in the ballistic conductance as a measurable quan-
tity for practical investigations. The results may provide
a way of manipulating the valley degree of freedom for
future valleytronics.
II. THEORETICAL BACKGROUND AND
MODEL
We begin with the Hamiltonian of a two-dimensional
Dirac fermion gas. The Dirac Hamiltonian with the for-
mation of mechanical strain in the presence of external
electric and magnetic fields is given by22,23
H =vF τz ⊗ ~σ ·
(
~p+ e ~Aex + e ~As
)
+ τz ⊗ σz (Uex + Us) , (1)
where ~σ = (σ1, σ2) and τz = σ3 are Pauli matrices, acting
on the sublattice and valley spaces of graphene, recpec-
tively. In this study, we assume that the external elec-
tric potential is constant as zero for simplicity. The en-
velop function corresponding to the above Hamiltonain
is (ψA,K , ψB,K , ψA,K′ , ψB,K′)
T
. Both the in- and out-of-
plane stresses induce effective vector and scalar potentials
as below:(
As,x
As,y
)
=ξ
~β
ea0
(
cos 3Ω sin 3Ω
− sin 3Ω cos 3Ω
)(
uxx − uyy
−2uxy
)
,
Us =U0 (uxx + uyy) , (2)
where a0 ≈ 1.4 A˚ is the carbon-carbon bond length, ξ =
±1 for different valleys, β = −C (∂ log t) / (∂ log a0) ≈ 2
with O (C) ∼ 1, and U0 = 10 eV . Note that we set Ω = 0
or π/2 when the strain is applied along the armchair
or zigzag directions. The strain tensor uij is derived as
follows:
uij =
1
2
(
∂ui
∂rj
+
∂uj
∂ri
)
+
1
2
∂h
∂ri
∂h
∂rj
, (3)
where ~u (~r) and h (~r) are in- and out-of-plane displace-
ments, respectively.
It has been shown that the homogeneous effective
gauge field is generated in the suspended region when
the profile of vertical deformation of suspended graphene
sheet is parabolic.21 Throughout this paper, we assume
that the suspended region of graphene sheet undergoes
the parabolic vertical deformation, allowing convenience
of the theoretical framework. In this case, we have the
following profile of vertical deformation:
h (x) =
4h0
L2
(
x2 −
L2
4
)
, (4)
where the maximum deformation h0 is given by
21
h0 =
(
3π
64
e2
ǫE
n2L4
) 1
3
, (5)
where E = 22 eV A˚
−2
is Young’s modulus of graphene,
ǫ is the electric permittivity, and L is the length of the
suspended region. The in-plane stress, on the other hand,
is:
ux (x) =
8h20
3L2
x−
32h20
3L4
x3, (6)
satisfying boundary conditions, ux (±L/2) = 0. We put
uy = 0 since the in-plane strain is applied along the x-
direction. When we have the strain lay along the zigzag
direction, i.e., Ω = π/2, the effective vector potential
induced by the strain is given by
~As = ξ
~β
ea0
8h20
3L2
[
θ
(
x+
L
2
)
− θ
(
x−
L
2
)]
yˆ. (7)
Note that, in case of Ω = 0, the x-component of the
effective vector potential becomes constant, and its y-
component vanishes. The corresponding pseudomagnetic
field ~Bs = ∇× ~As is given by a set of delta-function spikes
at the edges of the suspended region. Now, let us focus
on the effects of pseudomagnetic field with justification
that the effective scalar potential does not dominantly af-
fect on characteristics of quantum transport in suspended
graphene.21 In addition to the pseudomagnetic field, two
FM gates produces a series of magnetic barriers:
~Aex =
{
B1lB
[
θ
(
x+W1 +
L
2
)
− θ
(
x+
L
2
)]
+B2lB
[
θ
(
x−
L
2
)
− θ
(
x−W2 −
L
2
)]}
yˆ,
(8)
where B1,2 are the magnetic field strengths due to the
FM gates, lB =
√
~/eB0 is the magnetic length, and
W1,2 are the magnetic barrier widths. In the present
discussion, we consider a symmetric case (B1 = B2 =
Bex and W1 = W2 = W ) in order to show the valley-
dependent transport, and we may take into account an
asymmetric DMB for manipulating the spin degree of
freedom of Dirac fermions.24
Due to the translational invariance in the y-direction,
the wavefunctions are written as Ψ (x, y) ∝ eikyyψ (x),
3where ψ (x) = (ψA, ψB)
T
of which components represent
sublattices of graphene. By solving Dirac equation, the
wavefunctions are described by plane waves characterized
by the constant ky and the longitudinal wavevectors kx,
which can be either exponentially damped or oscillatory.
In a given region j denoted in Fig. 1, the longitudinal
wavevectors read
kx,j =
√
ǫ2 − k2y,j , (9)
where ky,I = ky,V = ky, ky,II = ky,IV = ky + βex,
and ky,III = ky + ξβs. For convenience, we express all
quantities in dimensionless units, i.e., ǫ → E/E0 and
~k → ~klB, by means of characteristic parameters: for the
typical strength of magnetic fields B0 = 0.66 mT , the
magnetic length lB and the energy E0 = ~vF /lB are
1 µm and 0.66 meV , respectively. Here, we introduce
two important dimensionless quantities corresponding to
the external and pseudomagnetic fields, βex = Bex/B0
and βs =
(
8βlBh
2
0
)
/
(
3a0L
2
)
, respectively. Note that βs
can be tuned by strain while βex are given by the mag-
netization of FM gates.
In order to investigate Dirac fermion transport through
the structure, we calculate the transmission and reflec-
tion probability. The wavefunctions for different regions
are written as a linear combination of left- and right-
going waves:
Ψ (x, y) =eiky,jy
[
c1e
ikx,jx
(
1
eiϕj
)
+c2e
−ikx,jx
(
1
−e−iϕj
)]
,
(10)
where ϕj = tan
−1 (ky,j/kx,j) in region j. The coefficients
c1,2 become the incidence, reflection, or transmission co-
efficient according to regions. For example, c1 = 1 and
c2 = r in region I; c1 = t and c2 = 0 in region V .
The transmission coefficient is numerically calculated by
matching conditions that wavefunctions have to be con-
tinuous at interfaces, and the transmission probability is
obtained from the absolute square of the transmission
coefficient. The calculated transmission probability is
valley-resolved, i.e., Tξ = |tξ|
2
.
We also study the ballistic conductance of the proposed
system. In the low temperature limit, the valley-resolved
conductance is given by25–27
Gξ (EF ) =
e2LykF
πh
×
∫ +pi
2
−pi
2
Tξ (EF , EF sinφ) cosφdφ, (11)
where Ly is the width of the sample in the y-direction,
EF is the Fermi energy, and φ ≡ ϕI is the incident angle
for Dirac fermions. We introduce the valley polarization
of ballistic conductance:
Pv =
GK −GK′
GK +GK′
, (12)
where K and K ′ represent different valleys in Brillouin
zone of graphene.
III. RESULTS AND DISCUSSION
In this section, we show that the resonant tunneling
through the DMB structure depends on the valley in-
dex owing to strain effects in the suspended region. The
transmission probability through the structure is inves-
tigated for different magnitudes of the pseudomagnetic
field induced by strain. The angle dependence of the res-
onant tunneling is also studied, and the valley-resolved
conductance through the structure is presented to show
that it is possible to create highly valley-polarized trans-
port.
We consider a symmetric DMB with B1 = B2 and
W1 = W2 in order to focus on effects of strain in the
suspended region of graphene. As discussed in previous
literatures,28–30 quantum transport in graphene is quali-
tatively understood by the effective potential that Dirac
fermions experience in a real sense. The effective poten-
tial of the proposed system is given by
Ueff,ξ =


k2y, region I and V,
(ky + βex)
2
, region II and IV,
(ky + ξβs)
2 , region III,
(13)
where ky = ǫ sinφ. It is straightforward that Dirac
fermion transport through the proposed system depends
on the incident angle and Fermi energy. One can clearly
see that, for normal incidence (φ = 0), there is no dif-
ference between transport of Dirac fermions in different
valleys because the effective potential in region III is
not changed for valleys, i.e., Ueff,K = Ueff,K′ = β
2
s . On
the other hand, for φ 6= 0, Eq. (13) exhibits a valley-
dependent profile of the effective potential, resulting in
valley-dependent transport.
The valley dependence of Dirac fermion transport
through the proposed DMB structure, of course, depends
on the magnitude of strain. Figure 2 shows the valley-
resolved transmission spectra for different magnitudes of
strain in the suspended region. At relatively low energy
(ǫ < 4), there are sharp transmission peaks at specific en-
ergies which are signatures of resonant tunneling through
the DMB structure. The transmission peaks for different
valleys are distinguishable since the energy window of the
resonant tunneling (shaded area in Fig. 2)is differently
determined depending on the valley index. The sharpness
of the transmission peaks leads to a great advantage to
discriminate different valleys, and provides the possibil-
ity of valley-filtering effects. Here, notice an interesting
situation that the resonant tunneling completely disap-
pears only for K-valley when βs = βex. In this case, the
effective potential profile for K-valley becomes a single
rectangular barrier [see Fig. 3(d)], so that transmission
probability of Dirac fermions in K-valley are perfectly
suppressed by the single barrier rather than the resonant
tunneling.
4FIG. 2. Valley-resolved transmission probability as a func-
tion of Fermi energy for different magnitudes of strain. The
dark and bright shaded areas represent the resonant tunneling
regimes for K- and K’-valley, respectively. The transmission
spectra are calculated for given incident angle φ = π/6. Pa-
rameters in use are W = 1, L = 2 and βex = 2.
FIG. 3. (a)-(c) Angle dependence of valley-resolved trans-
mission probability at different energies. The gray and yellow
shaded areas represent the resonant tunneling and the pseudo-
magnetic barrier blockade regimes for K’-valley. Parameters
in use are: W = 1, L = 2, and βex = βs = 2. (d) and (e) 3D
plot of the effective potential profile as a function of the inci-
dent angle at given Fermi energy, ǫ = 2, for K- and K’-valley,
respectively.
As aforementioned, the valley-dependent transport de-
pends on the incident angle because the effective poten-
tial varies as a function of incident angle. The angle
dependence of the valley-resolved transmission spectra
is shown in Fig. 3(a)-(c). Here, we focus on the spe-
cific case (βex = βs) which leads to the most dramatic
change in the effective potential for different valleys. One
(a)
(b)
FIG. 4. (a) Valley-resolved ballistic conductance and cor-
responding valley polarization through the proposed DMB
structure with βex = βs = 2. The ballistic conductance is
plotted in a unit of G0 =
(
e2Ly
)
/ (πlBh). (b) Strain de-
pendence of valley polarization as a function of Fermi energy.
Parameters in use are W = 1 and L = 2.
can see that, for Dirac fermions in K’-valley, the reso-
nant tunneling appears for positive incident angles be-
cause the effective potential profile can be formed as a
double barrier. Figures 3(d) and (e) display the profile
of the effective potential as a function of incident angle
for different valleys. Regardless of the incident angle,
the effective potential for K-valley is formed as a sin-
gle barrier. The effective potential for K’-valley becomes
either a single or a double barrier according to the inci-
dent angle. The formation of a double barrier requires a
condition φ > 0, as illustrated in Fig. 3(e), and the res-
onant tunneling regime corresponds to a range of the in-
cident angle φ > sin−1 (1− βex/ǫ), as exhibited in Figs.
3(a)-(c). For the resonant tunneling regimes, it is ex-
pected that Dirac fermions only in K’-valley are allowed
to pass through the DMB structure. Next, we discuss
the valley-dependent blockade of transmission probabil-
ity. Figure 3(e) shows that a single pseudomagnetic bar-
rier is formed for negative incident angles (φ < 0). For
K’-valley, the probability spectra vanish for some neg-
ative angles (φ < − sin−1 (βs/ǫ− 1)). The blockade of
Dirac fermions in K’-valley by the pseudomagnetic bar-
rier is exhibited as a shaded area in Figs. 3(a)-(c).
The distinct angle dependence of the transmission
spectra for different valleys may lead to the valley-
filtering effect. Now, we present the valley-resolved con-
ductance and the valley polarization of the conductance
in order to show the proposed system indeed allows us
to manipulate the valley degree of freedom. The valley-
resolved conductance spectra are exhibited in Fig. 4(a)
5as a function of Fermi energy. Although there are sharp
resonant peaks in the transmission spectra for K-valley,
it turns out that the signature of resonant tunneling be-
comes very weak in the conductance curves because of the
averaging of transmission probability over the incident
angle. However, the valley-dependent effective potential
gives rise to a considerable difference between the valley-
resolved conductance. At low energy (ǫ < 3), the tun-
neling current through the DMB structure mainly carries
Dirac fermions in K-valley, yielding large valley polariza-
tion values. Note that the valley polarization in Fig. 4
exhibits always positive values. The sign of valley po-
larization can be changed for the opposite magnetization
of FM gates. The valley-polarization has the strain de-
pendence as shown in Fig. 4(b). As one can expect, the
higher pesudomagnetic field due to strain, the larger spin
polarization of the conductance. Here, let us make a com-
ment on strain engineering in practical situation. The
magnitude of elastic deformation is characterized by the
ratio between the length of unstretched graphene sheet
and the vertical deformation, h0/L. In order to have
βs = 2, we need h0 ∼ 15 nm, and the corresponding ratio
is about 1.5%. Such value seems to be compatible with
experimental investigations because a graphene sheet can
sustain elastic deformation of the order of 20%.19,20
IV. CONCLUSION
We have shown a way to produce the valley-dependent
resonant tunneling in suspended graphene as a conse-
quence of strain effect. We have displayed a possible
model for a valley filter by using the valley-dependent
tunneling through a suspended graphene sheet modu-
lated by the DMB structure. The existence of strain
produces pseudomagnetic vector potentials in the sus-
pended region, and the resonant tunneling through the
DMB structure becomes valley-dependent because Dirac
fermions in each valley differently experience the effec-
tive potential. By tuning strain, an interesting situation
arises: the resonant tunneling can completely disappear
for Dirac fermions in K-valley. The presence of pseudo-
magnetic vector potential induced by strain leads to the
distinct tunneling behavior between the valley-resolved
transmission as incident angle varies. Because of the dis-
tinct dependence on incident angle, there appears to be
significant valley polarization of the conductance in spe-
cific energy range. The proposed valley filter based on
suspended graphene has an ability to control the valley
polarization by tuning strain in the suspended region.
In this study, we have used a minimal model with
simplifications. The simplified model indeed provide
clear physical pictures to analyze and understand the
results, but one may consider some issues further: the
smooth shape of real and pseodumagnetic barriers, ef-
fects of nonuniform external electric fields, inhomoge-
neous magnetic fields at the clamped regions of sus-
pended graphene, etc.
Lastly, we point out the possibility of spin transport in
the proposed system. When the DMB structure is asym-
metric, the resonant tunneling becomes spin-dependent
and one can expect the considerable spin polarization.24
The spin transport through the asymmetric DMB struc-
ture in suspended graphene provides the manipulation
of the spin degree of freedom, in addition to the valley
transport.
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